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WKDWUHGXFHVPRYHPHQWVWDELOLW\RIORUU\DQGLWVORQJWHUPVHUYLFHOHDGVEDIIOHDQGWDQNHUWRIDWLJXHIUDFWXUH>@7KH
G\QDPLFVWDELOLW\RIOLTXLGJDVWDQNHUVDQGVKLSFDUJRWDQNHUVDQGOLTXLGK\GURG\QDPLFLPSDFWORDGLQJDUHSUREOHPV
RI FXUUHQW LQWHUHVW WR WKH GHVLJQHUV RI VXFK V\VWHPV>@ ,W LV RI JUHDW LPSRUWDQFH WR LQYHVWLJDWH DQGPLQLPL]H WKH
EDIIOH¶VVWUHVVDQGVWUDLQ
7KHREMHFWLYHVKRZQLQ)LJLVDVSHFLDO&2&U\RJHQLF/LTXLG/RUU\7DQNHUPDQXIDFWXUHGE\=KDQJMLDJDQJ
&,0&6DQFWXP&U\RJHQLF(TXLSPHQW&R/WG7KHSRO\XUHWKDQH IRDPLQJ WKHUPDO LQVXODWLRQDQGSHUOLWHSRZGHU
YDFXXP LQVXODWLRQ DUH HPSOR\HG IRU WKH WDQN $W GHVLJQHG FRQGLWLRQ RI  03D DQG ć LW KDV D QDPHG
HIIHFWLYHYROXPHPNJOLTXLG&2


)LJ/&2&U\RJHQLF/LTXLG7DQNHU
7KHREVWDFOHVWUXFWXUHLQ WKHWDQNLVGHVLJQHGWRVORZGRZQWKHIOXLGIORZHIIHFWLYHO\DQGUHGXFHLQVWDQWDQHRXV
LPSDFWIRUFHRQWKHKHDGHUDQGWDQN,WVVKDSHDQGORFDWLRQLVYHU\LPSRUWDQW7KHSUHVHQWZRUNLVWRFRPSDUHLWVDUF
EDIIOHFRQILJXUDWLRQVKRZQLQ)LJDZLWKFRPPRQGRXEOHFKRUGSODWHFRQILJXUDWLRQVKRZQLQ)LJELQWKH
VDPHWDQNDQGRSHUDWLQJFRQGLWLRQ

D E 
)LJEDIIOHFRQILJXUDWLRQDDQQXODUEDIIOHEFKRUGSODWH
0HVKGDWDDQGERXQGDU\FRQGLWLRQV
2.1. Single layer mesh 
$EHWWHUPHVKTXDOLW\JXDUDQWHHVDPRUHDFFXUDWHVROXWLRQ)RULPSURYLQJWKHPHVKTXDOLW\IRUDFFXUDWHVROXWLRQ
WKHPHWKRGZLWKRQO\VLQJOHOD\HUPHVKLQWKHQRUPDOGLUHFWLRQZDVHPSOR\HGWRUHGXFHWKHFRPSXWDWLRQDOVFDOHDQG
UHILQHWKHPHVKDWFHUWDLQDUHDVRIWKHWDQNJHRPHWU\,WLVLPSRUWDQWWRFRPSURPLVHWKHUHTXLUHGDFFXUDF\DQG&38
WLPH
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

)LJPHVKIRUDQQXODUEDIIOHXSDQGFKRUGSODWHGRZQ
2.2. Fluid material 
7KHGHQVLW\RIFDUERQGLR[LGHDWGHVLJQHGFRQGLWLRQRI03DDQGćLVNJPDFFRUGLQJWR6SDQ5
	:DJQHU:>@7KHYDSRUSKDVHLQWKHWDQNH[LVWVZLWKWKHGHQVLW\EHLQJNJPEHFDXVHRIWKHOHDNKHDW
IURP WKH DPELHQW*5 6RPD\DMXOX>@ GHYHORSHG D FRUUHODWLRQ WR SURYLGH WKH VXUIDFH WHQVLRQ DW WKH OLTXLGYDSRU
LQWHUIDFHRI D VDWXUDWHGFDUERQGLR[LGH IOXLG7KLV FRUUHODWLRQ UHTXLUHVRQO\RQHDUJXPHQW LQDGGLWLRQ WR WKH IOXLG
QDPHDQGWKDWLVWKHWHPSHUDWXUH7KDWLVLWLVLQVHQVLWLYHWRSUHVVXUH7KHUHIRUHDYDOXHRI1PZDVDGRSW
IRUWKHOLTXLGYDSRULQWHUIDFHRIDVDWXUDWHGFDUERQGLR[LGHIOXLGDFFRUGLQJWRWKHRSHUDWLQJWHPSHUDWXUHć
2.3. Multiphase model and turbulence model 
$KRPRJHQHRXVPXOWLSKDVHPRGHOZLWKWKHIUHHVXUIDFHZDVXVHGIRUWKLVVLPXODWLRQEHFDXVHWKHJDVDQGOLTXLG
SKDVHFDUERQGLR[LGHZLOOPDLQWDLQDZHOOGHILQHG LQWHUIDFH$SSURSULDWHERXQGDU\FRQGLWLRQVDUHQHFHVVDU\ IRUD
IUHHVXUIDFHVLPXODWLRQEHFDXVHIUHHVXUIDFHVLPXODWLRQVDUHPRUHVHQVLWLYH WR LQFRUUHFWERXQGDU\DQG LQLWLDOJXHVV
VHWWLQJVWKDQRWKHUPRUHEDVLFPRGHOV7KHWXUEXOHQFHPRGHOLVWKHFRPPRQN¦DQGWKHFRUUHVSRQGLQJVFDODEOHZDOO
IXQFWLRQ
2.4. Braking process 
7KH EUDNLQJ SURFHVV LV D WUDQVLHQW G\QDPLF VLPXODWLRQ RI WZRSKDVH OLTXLG VORVKLQJ E\ WKH LQHUWLD ORDG )RU
DXWRPRELOHWDQNHUWDQNFRQWDLQHUWXEHWUDLOHUVDQGEXQGOHW\SHFRQWDLQHUVHWFWKHLQHUWLDIRUFHORDGLQPRYHPHQW
GLUHFWLRQ VKRXOG EH FRQYHUWHG LQWR DQ HTXLYDOHQW VWDWLF IRUFH RI  WLPHV WKH PD[LPXP ZHLJKW DFFRUGLQJ WR WKH
SDUDJUDSKLQ76*5>@7KHLQLWLDWHYHORFLW\LVPVNPKDQGWKHGHFHOHUDWLRQLVJJ
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WKDW LV PV PV UHVSHFWLYHO\ 7KH WDQN WDNHV  V  V DQG P P WR VWRS 7KH IOXLG
GLVWULEXWLRQDQGIORZLQWKHWDQNLVFRPSOH[DQGWLPHGHSHQGHQWZKHQWKHWDQNHUVORZVGRZQ
2.5. Initial condition 
7KHILOOLQJYROXPHRIIOXLGZDVGHILQHGLQWHUPVRIWKHUDWHRIJDVSKDVHYROXPHWRWKHZKROHWDQN7KHPD[LPXP
DOORZDEOH ILOOLQJ YROXPH VKRXOG EH OHVV WKDQ RI WKH WDQN YROXPH DFFRUGLQJ WR WKH SDUDJUDSK  LQ76*
5
&RPSXWDWLRQDOUHVXOWDQGDQDO\VLV
7KHGHQVLW\RI OLTXLGFDUERQGLR[LGH LVNJPDERXW WLPHVRI WKDWRIJDV LQ WKHGHVLJQHGSUHVVXUHDQG
WHPSHUDWXUH6RWKHWDQNVXIIHUVPDLQO\IURPWKHOLTXLGLPSDFWE\WKHHIIHFWRILQHUWLDORDG
7KHLQHUWLDOORDGH[HUWHGE\WKHIOXLGLVWLPHGHSHQGHQWDQGFDQEHJUHDWHUWKDQWKHORDGH[HUWHGE\DVROLGRIWKH
VDPHPDVV7KH IOXLG LQLWLDOO\NHHSV UHODWLYH VWDWLF IRU WKH WDQNZDOOZKHQ W V DQGPRYHVTXLFNO\ZLWK WKH WDQN
EHJLQV WRGHFHOHUDWHDWPV)LJJLYHVRXW WKH OLTXLGSKDVHGLVWULEXWLRQ IRUDQQXODUEDIIOHDQGFKRUGSODWH
GXULQJEUDNLQJSURFHVVWKHDQQXODUEDIIOHGLVWULEXWHVIOXLGVLQWRWKHZKROHURRPRIWKHWDQNHUDWHDUO\KDOISURFHVV
ZKLOHWKHFKRUGSODWHGULYHVOLTXLGLQWRWKHORZHUSDUWRIWKHWDQNHULQWKHGLUHFWLRQRIOLTXLGKHLJKW,QWKLVVLWXDWLRQ
WKHVWUHVVWKHIRUPHUVXIIHUVLVJUHDWHUWKDQWKDWWKHODWWHUVXIIHUV$IWHUWKHWDQNVWRSVWKHIOXLGFRQWLQXHVWRVORVK
0RWLRQRIDIOXLGFDQSHUVLVWEH\RQGDSSOLFDWLRQRIDGLUHFWORDGWRWKHFRQWDLQHU
)OXLG VORVKLQJ LQ WKH WDQN PD\ EH UHVWUDLQHG RU FRQWUROOHG E\ EDIIOHV ZLWK FHUWDLQ FRQILJXUDWLRQ DW WKH ULJKW
SRVLWLRQDQGWKHHIIHFWLYHQHVVLVKLJKO\VXEMHFWWRWKHVKDSHWKHORFDWLRQDQGWKHQXPEHURIEDIIOHVLQVLGHDWDQN
)LJ  JLYHV RXW WKH OLTXLG SKDVH YHORFLW\ GLVWULEXWLRQ IRU DQQXODU EDIIOH DQG FKRUG SODWH GXULQJ EUDNLQJ 7KH
PD[LPXPIOXLGYHORFLW\IRUWKHDQQXODUEDIIOHLVPVOHVVWKDQPVWKDWIRUFKRUGSODWH7KHDPSOLWXGHRI
OLTXLGVORVKGHSHQGVRQWKHDPSOLWXGHDQGIUHTXHQF\RIWKHWDQNPRWLRQOLTXLGILOOGHSWKOLTXLGSURSHUWLHVDQGWDQN
JHRPHWU\
'XULQJWKHEUDNHSURFHVVWKHEDIIOHVGDPSVWKHIOXLGVORVKLQJDQGVXIIHUVIRUFHVLQGLIIHUHQWGLUHFWLRQ7KHIRUFH
LQ;FRPSRQHQWDOVRLQDFFRUGDQFHZLWKWKHPRWLRQLVODUJHUWKDQWKHRWKHULQ<DQG=FRPSRQHQWWKHUHIRUHLWLV
WDNHQLQWRFRQVLGHUDWLRQ)LJJLYHVRXWWKHDSSOLHGIRUFHRQWKHGLIIHUHQWEDIIOHVWUXFWXUHVZLWKWLPHDQGREYLRXVO\
WKHIRUFHRIWKHDQQXODUEDIIOHLVORZHUWKDQWKDWRIWKHFKRUGSODWHLQWKHPRVWRSHUDWLQJFRQGLWLRQSRLQWV7KHUHVXOW
VKRZ WKDW WKH VWUHVV DQG VWUDLQJHQHUDWHG LQ WKHDQQXODUEDIIOH LV OHVV WKDQ WKDW LQ WKHFKRUGSODWHV6R WKH IDWLJXH
IUDFWXUHUHVLVWDQWRIWDQNHUZLWKDQQXODUEDIIOHLVVXSHULRUWRWKHFRQILJXUDWLRQZLWKFKRUGSODWHIURPWKHSURVSHFWLYH
RIVWUHVVDQGVWUDLQ
&RQFOXVLRQ
7KH EDIIOH VWUXFWXUH LQ WKH WDQN LV GHVLJQHG WR VORZ GRZQ WKH IOXLG IORZ HIIHFWLYHO\ DQG UHGXFH LQVWDQWDQHRXV
LPSDFWIRUFHRQWKHKHDGHUDQGWDQN7KHSUHVHQWZRUNLVWRFRPSDUHLWVDUFEDIIOHFRQILJXUDWLRQZLWKFRPPRQFKRUG
SODWH FRQILJXUDWLRQ LQ WKH VDPH WDQN DQG RSHUDWLQJ FRQGLWLRQ'XULQJ WKH HDUO\ KDOI EUDNLQJ SURFHVV WKH DQQXODU
EDIIOHGLVWULEXWHVIOXLGVLQWRWKHZKROHVSDFHRIWKHWDQNHUZKLOHWKHFKRUGSODWHGULYHVOLTXLGLQWRWKHORZHUSDUWRI
WKHWDQNHULQWKHGLUHFWLRQRIOLTXLGKHLJKW,QWKLVVLWXDWLRQWKHVWUHVVWKHIRUPHUVXIIHUVLVJUHDWHUWKDQWKDWWKHODWWHU
7KHPD[LPXPIOXLGYHORFLW\IRUWKHDQQXODUEDIIOHLVPVOHVVWKDQPVWKDWIRUFKRUGSODWH,WVVKDSHDQG
ORFDWLRQLVYHU\LPSRUWDQW7KHDPSOLWXGHRIOLTXLGVORVKGHSHQGVRQWKHDPSOLWXGHDQGIUHTXHQF\RIWKHWDQNPRWLRQ
OLTXLGILOOGHSWKOLTXLGSURSHUWLHVDQGWDQNJHRPHWU\
$FNQRZOHGJPHQWV
7KH ZRUN ZDV IXQGHG E\ 6KDQJKDL 0XQLFLSDO %XUHDX RI 4XDOLW\ DQG 7HFKQLFDO 6XSHUYLVLRQ 1R 
&%
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)LJDSSOLHGIRUFHVRQWKHGLIIHUHQWEDIIOHVWUXFWXUHVZLWKWLPH
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